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SUMMARY 
Trans i t i on  d a t a  on sha rp - t ip  cones i n  t w o  p i l o t  low-disturbance wind tunnels  a t  
Mach numbers of 3.5 and 5 have been c o r r e l a t e d  i n  t e r m s  of no ise  parameters with d a t a  
from s e v e r a l  convent iona l  wind tunnels  and wi th  d a t a  from supersonic  f l i g h t  tes ts  on 
t h e  Arnold Engineer ing Development Center  l o o  t r a n s i t i o n  cone. The noise  parameters 
w e r e  developed to  account  f o r  t h e  l a r g e  a x i a l  v a r i a t i o n s  of t h e  free-s t ream noise  and 
t h e  very-high-frequency noise  spectra that  occurred i n  the  low-disturbance tunnels  
f o r  s o m e  test  cond i t ions .  These two p i l o t  tunne l s  u t i l i z e  some new and unique tech- 
niques to  reduce t h e  free-s t ream noise  l e v e l s  b e l o w  those which are present i n  con- 
ven t iona l  tunnels .  One of these  techniques involves  t h e  use of boundary-layer suc- 
t i o n  s l o t s  upstream of the t h r o a t .  By ope ra t ing  these  tunne l s  with t h e  suc t ion  of f  
or on, t he  noise  could be varied from high levels,  approaching those i n  conven- 
t i o n a l  tunnels ,  to  extremely l o w  levels. These changing no i se  l e v e l s  r e s u l t e d  i n  
t r a n s i t i o n - o n s e t  Reynolds numbers f o r  t h e  cone models t h a t  Garied from about  2 x 10 6 
t o  8.5 x lo6 a t  the  s a m e  u n i t  Reynolds number. 
t h e  cone t r a n s i t i o n  Reynolds numbers increased  with u n i t  Reynolds number, s i m i l a r  t o  
the  t rend  i n  convent iona l  tunnels .  With the  boundary-layer bleed on, t h i s  t r end  w a s  
reversed  because of t he  upstream movement of t r a n s i t i o n  i n  the nozzle-wall  boundary 
l a y e r  and the  corresponding inc reases  i n  stream noise .  
With t h e  boundary-layer bleed of f ,  
The f i n a l  c o r r e l a t i o n s  ind ica t ed  t h a t  t r a n s i t i o n  i n  the  low-disturbance tunne l s  
w a s  dominated by the  local stream noise  t h a t  w a s  i n c i d e n t  on the  cone boundary l a y e r  
upstream of the  n e u t r a l  s t a b i l i t y  po in t .  The c o r r e l a t i o n  r e s u l t s  a l s o  suggested t h a t  
high-frequency components of t h e  low-disturbance-tunnel no ise  s p e c t r a  had s i g n i f i c a n t  
e f f e c t s  on t r a n s i t i o n  when t h e  noise  was i n c i d e n t  on the  boundary l aye r  both upstream 
and downstream of the  n e u t r a l  s t a b i l i t y  po in t .  
INTRODUCTION 
The powerful adverse  e f f e c t  of wind-tunnel no ise  on boundary-layer t r a n s i t i o n  
w a s  c l e a r l y  e s t a b l i s h e d  s e v e r a l  years  ago by t h e  remarkable c o r r e l a t i o n s  of Pa te  and 
Schueler  ( r e f .  1 )  and Pa te  (ref. 2 ) .  Reference 1 showed t h a t  t r a n s i t i o n  Reynolds 
numbers on a test model i n  Tunnel A a t  the Arnold Engineer ing Development Center 
( A D C )  va r i ed  i n v e r s e l y  w i t h  root-mean-square ( r m s )  stream noise  l e v e l s .  The no i se  
w a s  increased  above tunnel  ambient l e v e l s  by a f a c t o r  of about  4 when t h e  test  reg ion  
w a s  enclosed with a c y l i n d r i c a l  shroud and t h e  boundary l a y e r  on t h e  i n s i d e  w a l l  of 
t h e  shroud w a s  t u rbu len t .  The apparent  u n i v e r s a l  dependence of t r a n s i t i o n  on tunnel  
noise  w a s  then conc lus ive ly  demonstrated (ref. 1 )  by t h e  accurate c o r r e l a t i o n  between 
t r a n s i t i o n  Reynolds numbers ( f o r  t he  end of t r a n s i t i o n  on p l ana r  models) and noise- 
dependent parameters i n  n ine  d i f f e r e n t  wind tunne l s  a t  Mach numbers from 3 to  8. 
These c o r r e l a t i n g  parameters  w e r e  t h e  mean s k i n  f r i c t i o n  and displacement th ickness  
of t h e  tunnel-wall  t u r b u l e n t  boundary l a y e r s  and the  t e s t - s e c t i o n  circumference.  
Although stream noise  d a t a  w e r e  n o t  y e t  a v a i l a b l e  i n  a l l  t hese  tunnels ,  t he  param- 
eters used i n  t h e  c o r r e l a t i o n  w e r e  r e l a t e d  to  the  tunnel  no i se  by in fe rence  f r o m  t h e  
earlier a n a l y s i s  and measurements i n  the 20-Inch Tunnel a t  t h e  Jet Propuls ion Lab- 
o r a t o r y  ( JTL)  by Laufer i n  r e fe rences  3 and 4. 
I n  r e fe rence  2, Pate  s u c c e s s f u l l y  app l i ed  t h e  same c o r r e l a t i n g  parameters to 
t r a n s i t i o n  on sha rp - t ip  cones i n  1 1  d i f f e r e n t  t unne l s  over t h e  Mach number range 
from 3 to  14. From these  d a t a  and c o r r e l a t i o n s ,  Pa te  also showed ( r e f .  2) tha t  the 
r a t i o  of t r a n s i t i o n  Reynolds number for cones t o  t h a t  f o r  p l ana r  models decreased  
from about 2.5 a t  Mach 3 down to  about  1 a t  Mach 8. This  t r a n s i t i o n  ra t io  a l s o  
appeared to  decrease wi th  an i n c r e a s e  i n  tunne l  s i z e ,  which implies a decrease  i n  
t h e  r a t io  wi th  decreas ing  tunne l  noise .  
S ta inback  f irst  showed i n  r e fe rences  5 and 6 t h a t  a q u a n t i t a t i v e  r e l a t i o n s h i p  
e x i s t s  between. wind-tunnel r m s  p r e s su re  l e v e l s  and t r a n s i t i o n .  The l o c a l  Reynolds 
numbers a t  t h e  onse t  of t r a n s i t i o n  on sha rp  cones were c o r r e l a t e d  d i r e c t l y  with the 
noise  measured by a p res su re  t ransducer  f l u s h  with t h e  cone s u r f a c e  underneath t h e  
laminar boundary layer .  With the local cone Mach number k e p t  a t  5 by us ing  d i f f e r e n t  
cone angles ,  t h e  c o r r e l a t i o n s  wi th  r m s  no ise  l e v e l s  for data from f i v e  d i f f e r e n t  wind 
tunne l s  with free-s t ream Mach numbers ranging f r o m  6 t o  20 depended only on t h e  r a t i o  
of s u r f a c e  temperature to  t o t a l  temperature  and on whether t h e  test gas  w a s  a i r  or 
helium. The helium d a t a  a t  h igher  l o c a l  Mach numbers ( r e f s .  6 and 7) w e r e  l a t e r  
shown by Pa te  ( r e f .  8) to  agree  with h i s  prev ious  noise-parameter c o r r e l a t i o n  for  
cones ( r e f .  2). 
Following Morkovin's comprehensive review (ref .  9) of the high-speed t r a n s i t i o n  
problem and h i s  recommendation f o r  t h e  development of a low-noise hypersonic  tunne l  
(based i n  p a r t  on the  r e v e l a t i o n s  of Pa te  and Schueler  ( r e f s .  1 and 2)), t h e  
Boundary-Layer-Transition Study Group (BLTSG), cha i red  by Reshotko, formulated a 
Program f o r  T rans i t i on  Research (refs.  10 and 11) t h a t  inc luded  the  development of 
low-disturbance wind tunnels .  Progress  reports on t h i s  par t  of the  BLTSG program by 
a group of r e sea rche r s  a t  t he  Langley Research Center are a v a i l a b l e  i n  r e fe rences  12 
t o  17. 
The most r ecen t  achievement by t h i s  Langley group i s  t h e  development of a 
Mach 3.5 p i l o t  low-disturbance tunnel  ( r e f e r r e d  t o  h e r e i n a f t e r  as the  Mach 3.5 
p i l o t  q u i e t  tunnel  (PQ t u n n e l ) )  tha t  e x h i b i t s  very l o w  no i se  levels i n  upstream 
regions  of the  tes t  rhombus up to  a free-s t ream u n i t  Reynolds number R, of about  
7.6 x 10 per  inch (refs.  18 and 19). These l o w  no i se  l e v e l s  w e r e  observed when t h e  
corresponding upstream "acous t ic -or ig in"  reg ions  of t he  nozz l e - w a l l  boundary l a y e r s  
w e r e  maintained laminar.  The laminar w a l l  boundary l a y e r s  occurred only when t h e  
t u r b u l e n t  boundary l aye r  i n  the  subsonic  approach to the nozzle  w a s  removed by 
suc t ion  slots upstream of the  t h r o a t .  When t h e  s u c t i o n  flow w a s  turned o f f ,  t h e  
subsonic  t u r b u l e n t  boundary l aye r  s p i l l e d  around t h e  s l o t  l ips;  then,  t h e  t e s t  stream 
noise  l e v e l s  and spectral energy a t  high f requencies  inc reased  by l a r g e  amounts ( a t  
t h e  same tes t  cond i t ion )  because of t he  r e s u l t i n g  change i n  t h e  nozzle-wall  boundary 
l a y e r s  from laminar to  t u r b u l e n t  flow. The t e s t  stream no i se  l e v e l s ,  spectra, and 
a x i a l  d i s t r i b u t i o n s  also va r i ed  over wide ranges as R, va r i ed  from approximately 
2.5 x lo5 t o  1.5 x 10 per inch. 
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D a t a  obtained on a 5O hal f -angle  cone i n  t h i s  q u i e t  tunnel  ( ref .  19) showed t h a t  
t r a n s i t i o n  Reynolds numbers R var ied  over a wide range i n  response to  the  d i f -  
f e r e n t  no ise  condi t ions  with R, he ld  cons tan t .  Besides  these  l a r g e  changes i n  
%,T with %, held  cons t an t ,  the fol lowing unique r e s u l t s  w e r e  also obtained:  
(1) t he  h i g h e s t  t r a n s i t i o n  Reynolds numbers ever measured i n  a wind tunne l  a t  t h i s  
Mach number, and (2) s t a r t l i n g  changes i n  t h e  e f f e c t  of u n i t  Reynolds number on 
Re,T 
nent  n va r i ed  f r o m  0.5 t o  large negat ive  values  of -1.3, depending on changes i n  
tunnel  no ise  and cone l o c a t i o n  wi th in  t h e  test  rhombus. The u n i t  Reynolds number 
e f f e c t  observed i n  convent ional  wind tunnels ,  where n = 0.4, is usua l ly  a t t r i b u t e d  
e ,T  




t o  decreases  i n  normalized stream no i se  l e v e l s  with inc reas ing  R,. However, va lues  
varying from n i~ 0 for t h e  Ludwieg Tube Mach 5 Wind Tunnel tes ts  of Krogmann 
(ref.  20)  t o  n = 0.6 f o r  t h e  b a l l i s t i c - r a n g e  data of P o t t e r  ( r e f .  21 ) cannot  y e t  
be explained (ref. 22) .  
T r a n s i t i o n  d a t a  obta ined  p rev ious ly  a t  the Langley Research Center  by Schopper' 
i n  a Mach 5 p i l o t  q u i e t  tunnel  (ref.  16)  also showed some unusual t r ends  wi th  R, 
when the subsonic  boundary-layer s u c t i o n  s lo t s  w e r e  used. H o w e v e r ,  t he  v a r i a t i o n s  of 
wi th  R, and w i t h  t h e  s u c t i o n  of f  or on w e r e  n o t  as extreme as i n  t h e  Mach 3 . 5  Re,T 
tests. These smaller v a r i a t i o n s  of Re occurred p r imar i ly  because t r a n s i t i o n  w a s  
n o t  obtained on the cone i n  t h e  Mach 5 tests f o r  t h e  l o w e s t  range of u n i t  Reynolds 
numbers when t h e  nozzle-wall  boundary l a y e r s  w e r e  laminar. 
The purpose of the p r e s e n t  i n v e s t i g a t i o n  w a s  to  determine i f  t he  unusual range 
and t r ends  i n  t r a n s i t i o n  data obta ined  i n  both t h e  Mach 3.5 ( re f .  19)  and t h e  Mach 5 
p i l o t  q u i e t  t unne l s  can be ascribed to  the corresponding unusual range i n  t h e  levels, 
spectra, and a x i a l  v a r i a t i o n s  of no i se  i n  t h e  tunnels .  S ince  d e t a i l e d  boundary-layer 
probe data are n o t  y e t  a v a i l a b l e ,  the approach used i n  t h i s  i n v e s t i g a t i o n  is to  exam- 
i n e  c o r r e l a t i o n s  between the measured t r a n s i t i o n  Reynolds nu'mbers and va r ious  func- 
t i o n s  of t h e  measured noise  t h a t  may c h a r a c t e r i z e  t h e  r e c e p t i v i t y  of t he  laminar 
boundary l a y e r  on the  cone to  t h e  a x i a l  v a r i a t i o n s  i n  t h e  tunnel  no i se  and to  t h e  
noise  spectra. Comparisons of t he  r e s u l t i n g  c o r r e l a t i o n s  with previous c o r r e l a t i o n  
r e s u l t s  s imi la r  t o  those  of r e fe rences  23 and 24, which show a q u a n t i t a t i v e  r e l a t i o n  
between t r a n s i t i o n  and noise  l e v e l s  of t he  uniform noise  f i e l d s  as measured i n  con- 
ven t iona l  wind tunne l s  and f l i g h t ,  w i l l  be used t o  assess the  v a l i d i t y  of the  pro- 
posed c o r r e l a t i o n  func t ions .  
Another matter of practical  concern is t h e  e x t e n t  of t he  t r ans i t i ona l - f low 
reg ion  from the  o n s e t  t o  t h e  end of t r a n s i t i o n .  For example, Masaki and Yakura 
( r e f .  25) showed t h a t  the e x t e n t  of t he  t r a n s i t i o n a l  reg ion  can have a s i g n i f i c a n t  
impact on t h e  des ign  of thermal-protect ion systems f o r  hypersonic  veh ic l e s .  Harvey 
and Bobbit t  (ref.  26) presented  c o r r e l a t i o n s  f o r  t he  ra t io  of t he  o n s e t  t o  t h e  end 
of t r a n s i t i o n  Reynolds numbers from d a t a  i n  convent ional  wind tunnels  and f l i g h t .  
Again, c o r r e l a t i o n s  of the qu ie t - tunne l  d a t a  w i l l  be eva lua ted  by comparison with 
these  and o the r  prev ious  r e s u l t s .  
SYMBOLS 
A, A '  cons tan t s  (see eq. (7)) 
B c o n s t a n t  exponent (see eq. ( 1  0 )  
C cons t an t  (see eq. ( 1 ) ) 
2 F dimensionless  frequency, 2mfv,/u, 
f f requency 
M Mach number 
- _  _-- . - - .- - . _ - _  - . 
'Proposed NASA CX by M. R. Schopper (now a t  the David Taylor  Naval Ship Research 
and Development Center ,  Bethesda, Ma.) e n t i t l e d  "Boundary-Layer T r a n s i t i o n  and 
























n o i s e - c o r r e l a t i o n  parameter (see eqs. (6 )  and ( 7 )  ) 
exponent (see eq. ( 1 )  1 
f u n c t i o n  of s (see eqs. (6) and (7)) 
pres s u r e  
f u n c t i o n  of f and s (see eqs. (6) and ( 7 ) )  
1 2  2 dynamic p r e s s u r e ,  pu = $ PM 
u n i t  Reynolds number 
l o c a l  Reynolds number based on flow d i s t a n c e  t o  t r a n s i t i o n  o n s e t  
l o c a l  Reynolds number based on flow d i s t a n c e  t o  t r a n s i t i o n  end 
Reynolds number based on l eng th  of t r a n s i t i o n  r eg ion  
d i s t a n c e  from apex of cone a long  cone gene ra to r  
abso l u t e  temperature 
s t r e a m w i s e  v e l o c i t y  
a x i a l  d i s t a n c e  from nozzle  t h r o a t  
a x i a l  d i s t a n c e  from cone t i p  
v e r t i c a l  d i s t a n c e  from c e n t e r l i n e  of tunne 1 
r a t i o  of s p e c i f i c  h e a t s  
cone h a l f  -angle 
Mach ang le  i n  f r e e  stream 
kinema t i c  v i s c o s i t y  
mass d e n s i t y  
s tandard d e v i a t i o n  from l eas t - squa res  f i t  
Subscr ipts :  
a most-amplif i e d  frequency 
e l o c a l  cond i t ions  a t  edge of boundary l a y e r  
m a t  maximum energy of spectrum 
N l o c a t i o n  on model of p o i n t  on lower n e u t r a l  s t a b i l i t y  curve 
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0 s t agna  ti on 
q t  q u i e t  t u n n e l  
r e f  r e f e r e n c e  
T t r a n s i t i o n  o n s e t  
TE t r a n s i t i o n  end 
t p i t o t  probe 
t i p  cone apex 
W w a l l  
OD f r e e  stream 
Abbreviations: 
B .V. b l eed  va lve  
LRC Langley Research Center 
PQ p i  l o t  q u i e t  
rms r o o t  mean square 
T.S. t e s t  s e c t i o n  
2 -D two-dimens i ona 1 
Notations:  
r o o t  mean square N 
- mean va lue  
< >  average va lue  (see eq. ( 2 )  ) 
BOUNDARY-LAYER RESPONSE TO EXTERNAL NOISE 
Current  S t a t u s  i n  Conventional Tunnels 
The understanding of supe r son ic  wind-tunnel n o i s e  and how i ts  i n t e r a c t i o n  wi th  
t h e  laminar boundary l a y e r  on t e s t  models l e a d s  t o  premature t r a n s i t i o n  has  improved 
s i g n i f i c a n t l y  s i n c e  t h e  e a r l y  i n v e s t i g a t i o n s  of r e f e r e n c e s  1 t o  7. The most no tab le  
c o n t r i b u t i o n  t o  t h i s  improved understanding h a s  been t h e  work of Mack and Kendall 
(refs. 27 t o  31). The importance of t h i s  unique j o i n t  e f f o r t  t o  t h e  r e sea rch  problem 
of t r a n s i t i o n  i n  supe r son ic  and hypersonic  wind tunne l s  is  emphasized by d i scuss ions  
i n  t h e  earlier review paper  of Morkovin ( r e f .  9) and i n  t h e  more r e c e n t  reviews of 
Reshotko (ref. 1 1 ) and Morkovin ( r e f .  32). I n  p a r t i c u l a r ,  t h e  " r e c e p t i v i t y "  of t h e  
laminar  boundary l a y e r  t o  t h e  wind-tunnel a c o u s t i c  n o i s e  f i e l d  h a s  been c l a r i f i e d .  
Thus, i n  r e f e r e n c e  30, Mack d e s c r i b e s  how h i s  f o r c i n g  and s t a b i l i t y  t h e o r i e s  may b e  
5 
I" 
combined to  c a l c u l a t e  t h e  a m p l i f i c a t i o n  of d i s tu rbances  i n  the boundary l aye r .  H e  
assumed t h a t  t he  f o r c i n g  theory  applies up to  the  n e u t r a l  s t a b i l i t y  p o i n t  f o r  t h e  
p a r t i c u l a r  frequency under cons ide ra t ion ,  and t h a t  the s t a b i l i t y  theory  applies down- 
stream of t h a t  po in t .  A t  M, = 4.5, t he  s t r e a m w i s e  l o c a t i o n  of the  peak response of 
the boundary l a y e r  t o  the i n c i d e n t  no i se ,  as computed f r o m  the fo rc ing  theory,  is a t  
about  t he  same l o c a t i o n  as t h e  n e u t r a l  s t a b i l i t y  p o i n t  for  t h e  same frequency. The 
t r e n d s  of t he  peak a m p l i f i c a t i o n  ratios measured by Kendall  ( r e f .  31 ) wi th in  t h e  
boundary l a y e r  a t  t h i s  Mach number and over a range of f r equenc ie s  w e r e  i n  good 
agreement wi th  the  combined f o r c i n g  and s t a b i l i t y  theory  up to  the s tar t  of nonl in-  
e a r i t y ,  which occurred a t  a l eng th  Reynolds number of about  I .5 x IO6. T r a n s i t i o n  
then  followed f a r t h e r  downstream a t  a l eng th  Reynolds number of about  2.25 x IO6 
for  the same tunne l  condi t ions .  This  good agreement between theory  and experiment 
implies t h a t  t he  tunnel  no i se  e n t e r s  t h e  boundary l a y e r  and is ampl i f ied  mainly 
upstream of the n e u t r a l  s t a b i l i t y  p o i n t ,  b u t  has  l i t t l e ,  i f  any, a d d i t i o n a l  e f f e c t  
downstream of t h i s  po in t .  
I t  is  important  to emphasize he re  tha t  t h e  no i se  f i e l d  i n  convent iona l  wind 
tunne l s  i s  s p a t i a l l y  uniform. (See ref. 4 . )  Therefore ,  t he  r e s u l t s  of Mack and 
Kendal l  are of s p e c i a l  i n t e r e s t  f o r  t h e  p r e s e n t  c o r r e l a t i o n  e f f o r t s  because t h e  noise  
f i e l d  w a s  n o t  s p a t i a l l y  uniform wi th in  t h e  qu ie t - tunne l  t e s t  regions.  I n  f a c t ,  for 
some cases the  noise  levels i n c i d e n t  upon t h i s  upstream s e n s i t i v e  po r t ion  of t h e  
model boundary l a y e r  were so l o w  t h a t  t h e  hot-wire s i g n a l  w a s  w i th in  the  range of t h e  
ins t rument  noise  ( ref .  19). These qu ie t - tunne l  d a t a  may then be used to determine, 
a t  l e a s t  i n  a "macroscopic" sense,  how t r a n s i t i o n  is a f f e c t e d  when tunnel  no i se  i s  
i n c i d e n t  upon only  those reg ions  of the boundary l a y e r  downstream of the  n e u t r a l  
p o i n t  while t he  upstream, and presumably more s e n s i t i v e  reg ions  of t he  boundary l a y e r  
(as  ind ica t ed  by the  aforementioned Mack-Kendall r e s u l t s ) ,  are deprived of t he  
ex terna l -noise  i n p u t  t h a t  i s  p r e s e n t  i n  convent iona l  tunnels .  
R e v i e w  of Quiet-Tunnel D a t a  and Pre l iminary  Assessment of 
Tunnel-Noise E f f e c t s  
Before w e  p r e s e n t  t he  d e t a i l s  of t h e  p r e s e n t  c o r r e l a t i o n  attempts, we w i l l  f i r s t  
review b r i e f l y  the  a v a i l a b l e  quie t - tunnel  da t a .  The local Reynolds numbers f o r  t h e  
o n s e t  of t r a n s i t i o n  are p l o t t e d  a g a i n s t  the local u n i t  Reynolds numbers i n  f i g u r e  I 
for  a l l  t he  d a t a  from re fe rence  19. These data w e r e  ob ta ined  i n  the  Mach 3.5, t w o -  
d imensional ,  rapid-expansion nozzle  descr ibed  i n  t h e  " In t roduct ion ."  S u f f i c i e n t  
t r a n s i t i o n  d a t a  from another  qu ie t - tunne l  i n v e s t i g a t i o n  by Schopper2 a t  Mach 5 to  
show t h e  t r ends  observed are also included i n  f i g u r e  1. Some of t hese  earlier t ran-  
s i t i o n  data w e r e  a l s o  publ i shed  i n  a review paper by Trimpi ( re f .  33).  Most of t h e  
d a t a  repor ted  by Schopper w e r e  for t h e  end of t r a n s i t i o n ,  so t h e  d a t a  shown i n  f i g -  
u r e  1 have been "cor rec ted"  to  the  onse t  of t r a n s i t i o n  by a procedure to  be d i scussed  
later. The cross-hatched bands i n  f i g u r e  1 l abe led  " F l i g h t  D a t a "  and "Conventional 
Wind-Tunnel D a t a "  are i d e n t i c a l  to  those  used i n  r e fe rence  19 where t h e  o r i g i n a l  d a t a  
sources  are referenced.  A l l  wind-tunnel data used i n  f i g u r e  1, i nc lud ing  t h e  qu ie t -  
t unne l  da t a ,  are f o r  a d i a b a t i c  w a l l  temperatures  on the  s u r f a c e  of t h e  test cones. 
A l l  f l i g h t  d a t a  are f o r  cold-wall  cond i t ions  with ranging from about  0.3 
t o  0.8, except  for t h e  d a t a  of r e fe rences  23 and 24 which are f o r  a d i a b a t i c  w a l l  
temperatures .  
Tw/To 
_ _ _  ~ ~~ 
2See foo tno te  I on page 3. 
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The quie t - tunnel  d a t a  of Schopper w e r e  obtained i n  the Mach 5, s l o t t e d ,  rapid-  
expansion, axisymmetric nozzle  ( r e f s .  16 and 34) ,  which w a s  developed and t e s t e d  a t  
t h e  Langley Research Center as par t  of the quie t - tunnel  development program of the 
Boundary-Layer-Transition Study Group. This nozzle w a s  equipped w i t h  a boundary- 
l a y e r  removal s l o t  upstream of the throat. The func t ion  and opera t ion  of t h i s  s l o t ,  
by means of bleed-control  va lves ,  w a s  similar t o  t h a t  i n  the  Mach 3.5 nozzle of 
r e fe rence  19. The a v a i l a b l e  measurements of no ise  l e v e l s  and spectra i n  the  Mach 5 
nozzle are given i n  r e fe rences  16 and 34 t o  36. The spectra and a x i a l  d i s t r i b u t i o n s  
of the noise  i n  t h i s  nozzle w e r e  s imi la r  t o  those i n  the Mach 3.5 nozzle ( r e f s .  18 
and 19) .  That is, the  noise  levels i n  the  upstream reg ion  of the  t es t  rhombus w e r e  
about  an order  of magnitude lower than those near t he  nozzle e x i t ,  and the  noise  
power s p e c t r a  with bleed va lves  c losed  w e r e  cha rac t e r i zed  by peak ene rg ie s  a t  high 
f requencies  from 40 t o  80 kHz ( r e f .  35).  Laminar boundary l aye r s  w e r e  observed on 
the  w a l l  of t h i s  Mach 5 nozzle  a t  s i g n i f i c a n t  d i s t ances  downstream of the  t h r o a t  
when t h e  bleed valves  w e r e  open, b u t  they w e r e  observed only up t o  
= 3.8 x I O 5  per  inch,  which w a s  too low to  o b t a i n  t r a n s i t i o n  (wi th  laminar 
boundary l a y e r s  on the nozzle  w a l l )  on the 8-in-long cone used f o r  those tests. 
Nevertheless ,  r e p r e s e n t a t i v e  t r a n s i t i o n  d a t a  from t h i s  earl i&r i n v e s t i g a t i o n  (of  
Schopper) with bleed valves  both open and c losed  are included i n  f i g u r e  1 f o r  
comparison with the  more r e c e n t  qu ie t - tunnel  da t a  of r e fe rence  19. The agreement 
between the  two sets of qu ie t - tunne l  d a t a  a t  d i f f e r e n t  Mach numbers and i n  d i f -  
f e r e n t  nozzles  i s  considered remarkable i n  view of t he  unusual t rends  and l e v e l s  
of these d a t a  a s  emphasized i n  the  fol lowing d iscuss ion .  The apparent  lack of 
dependence of R on Mach number may simply i n d i c a t e  the  dominant e f f e c t  of t he  
s i m i l a r  no ise  condi t ions  i n  the  two nozzles .  e T  
F igures  l ( a )  and ( b )  show the t r a n s i t i o n  d a t a  with bleed valve open and with 
the  cone models a t  upstream and downstream loca t ions ,  r e spec t ive ly .  The p e c u l i a r  
decreas ing  t r ends  of Re,  with inc reas ing  R,, mentioned previous ly ,  are apparent  
i n  both f i g u r e s  f o r  The " u n i t  Reynolds number e f f e c t "  i n  
convent iona l  wind tunnels  is o f t e n  expressed i n  the  form 
Re > 7 x I O 5  per  inch. 
= CRE 
e , T  
R ( 1 )  
where C is a cons t an t  and t h e  exponent n is  usua l ly  a p o s i t i v e  cons tan t .  Typical  
va lues  f o r  n vary from about  0.2 t o  0.4, presumably because of the  decreas ing  
t r ends  of t he  normalized rms pres su re  f l u c t u a t i o n s  with R, u sua l ly  observed i n  the 
test  sec t ions .  However, va lues  of nea r ly  ze ro  have been recorded i n  some wind tun- 
ne l s .  (See r e f s .  9 and 20.) The l a r g e r  values  f o r  n of about  0.6 observed i n  ba l -  
l i s t i c  ranges ( r e f s .  21 and 37) ,  where stream d i s tu rbance  levels  are extremely s m a l l ,  
are one of t he  major enigmas i n  t r a n s i t i o n  research  as poin ted  ou t  by Morkovin. (See 
r e f .  32 . )  The o v e r a l l  u n i t  Reynolds number t rend  of t he  f l i g h t  d a t a  shown i n  f i g -  
u r e  I is  n = 0.9 which, aga in ,  is inexp l i cab le  i n  t e r m s  of t h e  presumably even 
smaller stream d i s tu rbances  i n  these f l i g h t  tests. Other f a c t o r s ,  such as v a r i a b l e  
w a l l  temperatures ,  may be involved i n  t h i s  apparent  d a t a  t rend  with u n i t  Reynolds 
number. Furthermore, some d a t a  from s i n g l e  f l i g h t  tests used i n  f i g u r e  1 (see 
r e f .  19) e x h i b i t  va lues  of n near un i ty ,  which sugges ts  a f ixed  t r a n s i t i o n  l o c a t i o n  
due t o  a l o c a l  su r f ace  d e f e c t  on the model. I n  v i e w  of t hese  previous r e s u l t s  and, 
e s p e c i a l l y ,  t he  previous r e s u l t s  from convent ional  wind tunnels ,  t he  negat ive va lues  
f o r  i n  f i g u r e s  1 ( a )  and (b ) ,  
r e s p e c t i v e l y ,  are c e r t a i n l y  unique. These t rends  which, t o  our knowledge, have never 
n of about -1.3 and -1 .O f o r  Ra, > 7 x l o 5  per  inch  
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b e f o r e  been observed i n  any wind tunnel ,  have a l r e a d y  been q u a l i t a t i v e l y  r e l a t e d  
( r e f .  19)  t o  changes wi th  R, i n  t h e  l e v e l s ,  s p e c t r a ,  and a x i a l  d i s t r i b u t i o n s  of t h e  
t u n n e l  noise.  
Typ ica l  a x i a l  d i s t r i b u t i o n s  from r e f e r e n c e  19 of t h e  normalized rms static- 
p r e s s u r e  f l u c t u a t i o n s  measured a l o n g  t h e  nozzle  c e n t e r l i n e  are shown i n  f i g u r e  2. To 
h e l p  provide a q u a l i t a t i v e  i n d i c a t i o n  of t h e  dependence of t r a n s i t i o n  on t h e  n o i s e  
d i s t r i b u t i o n s ,  a p o r t i o n  of t h e  nozzle  contour  with t h e  cone p o s i t i o n e d  i n  i t s  two 
tes t  l o c a t i o n s  i s  included i n  t h e  upper p a r t  of f i g u r e  2. The Mach l i n e s  t h a t  out-  
l i n e  t h e  t h e o r e t i c a l  uniform t e s t - f low rhombus are a l s o  shown. When t h e  cone apex i s  
a t  X = 5 i n . ,  it is  s l i g h t l y  upstream o f  t h i s  test-rhombus t i p  on t h e  c e n t e r l i n e .  
However, mean-flow p i t o t - p r e s s u r e  surveys r epor t ed  i n  r e f e r e n c e s  18 and 19 show t h a t  
t h e  mean flow is  e s s e n t i a l l y  uniform t o  X = 5 in .  The symbols p l o t t e d  on t h e  cone 
s u r f a c e  i n  f i g u r e  2 r e p r e s e n t  t h e  measured l o c a t i o n s  of t r a n s i t i o n  a t  s e l e c t e d  va lues  
of RQ, corresponding t o  n o i s e  d a t a  i n  t h e  lower p a r t  of t h e  f i g u r e s  where t h e  same 
symbols denote tes t  cond i t ions  a t  abou t  t h e  same va lues  of R,. Thus, f o r  example, 
a t  wi th  b l eed  valve open ( squa re  symbols i n  f i g .  2 ( a ) ) ,  
t r a n s i t i o n  does n o t  occur on t h e  cone even though t h e  n o i s e  l e v e l s  i n c r e a s e  t o  about  
0.8 p e r c e n t  nea r  t h e  end of t h e  cone when it i s  p o s i t i o n e d  i n  t h e  downstream t e s t  
loca t ion .  A t  R, = 5.3 X l o5  per i n c h  ( t r i a n g l e  symbols),  t r a n s i t i o n  does occur  
on t h e  cone b u t  i n  abou t  t h e  s a m e  spa t ia l  r eg ion  i n  t h e  nozzle  (X = 17.5 t o  
20.2 i n . )  f o r  both tes t  l o c a t i o n s  of t h e  cone. I n  f i g u r e  2 ( b ) ,  t h e  behavior of 
t r a n s i t i o n  a t  
R, % 12.4 X IO5 p e r  inch,  t h e  average d i s t a n c e  t o  t r a n s i t i o n  from t h e  cone t i p  i s  
about  3 in. a t  both tes t  l o c a t i o n s  s i n c e  t h e  n o i s e  has  then  inc reased  above t h e  
extremely l o w  "laminar" l e v e l s  (gQ,/p, < 0.1 p e r c e n t )  a l l  t h e  way t o  t h e  apex f o r  both 
t e s t  loca t ions .  From t h e s e  examples, it i s  appa ren t  t h a t  t r a n s i t i o n  on t h e  cone i s  
s t r o n g l y  a f f e c t e d  by t h e  l o c a t i o n  i n  t h e  t es t  flow where t h e  n o i s e  i n c r e a s e s  from 
very low l e v e l s  t o  h i g h e r  l e v e l s  caused by t r a n s i t i o n  from laminar t o  t u r b u l e n t  flow 
i n  t h e  nozzle-wall boundary l a y e r  a t  t h e  upstream a c o u s t i c  o r i g i n s .  (See r e f .  19. ) 
This  " t r a n s i t i o n a l "  l o c a t i o n  w i t h i n  t h e  t es t  flow moves upstream wi th  i n c r e a s i n g  R, 
and apparent ly  has  an  i n c r e a s i n g  e f f e c t  on t r a n s i t i o n  as  it approaches t h e  more sen- 
s i t i v e  regions of t h e  cone boundary l a y e r  i n  t h e  v i c i n i t y  o f ,  o r  ups t r eam o f ,  t h e  
lower n e u t r a l  s t a b i l i t y  p o i n t ,  which is  roughly 1 in .  from t h e  cone t i p  f o r  t h e s e  
wi th  R~ i n  f i g u r e s  l ( a )  t es t  cond i t ions .  C lea r ly ,  t h e  r e v e r s e  t r e n d s  of R 
and ( b )  are  r e l a t e d  t o  t h e  d i f f e r i n g  r e c e p t i v i t i e s  t o  t u n n e l  n o i s e  of t h e  r eg ions  
i n  t h e  cone boundary l a y e r  upstream and downstream of t h e  lower n e u t r a l  s t a b i l i t y  
p o i n t s .  
R, = 2.5 X l o 5  p e r  i nch  
RQ, = 7.9 x l o 5  p e r  i nch  i s  similar t o  t h a t  j u s t  noted;  b u t  a t  
e , T  
Also t o  be noted i n  f i g u r e s  l ( a )  and (b)  are t h e  high va lues  of R ob ta ined  
Some of t h e s e  RelT 
e , T  
i n  t h e  Mach 3.5 i n v e s t i g a t i o n  where a 15-in-long cone w a s  used. 
v a l u e s  are n o t  only h i g h e r  t han  any measured be fo re  i n  wind tunne l s  a t  t h i s  Mach 
number b u t  t hey  are a l s o  i n  agreement with t h e  lower range of va lues  from f l i g h t  
data .  Although stream n o i s e  o r  d i s tu rbance  measurements are n o t  u s u a l l y  a v a i l a b l e  
f o r  f l i g h t  tests, t h e s e  d i s t u r b a n c e s  are g e n e r a l l y  be l i eved  t o  be q u i t e  s m a l l .  
Sources f o r  t h e  f l i g h t  d a t a  used i n  f i g u r e  1 are given i n  r e f e r e n c e  19 and inc lude  
t h e  r e c e n t  h i g h - q u a l i t y  d a t a  of Dougherty and Fisher  ( r e f s .  23 and 24). They 
ob ta ined  both t r a n s i t i o n  and stream-disturbance d a t a  ove r  t h e  Mach number range from 
0.4 t o  2.0, b u t  on ly  t h e i r  d a t a  f o r  Me > 1.6 have been used i n  f i g u r e  1. 
The bleed-valve-closed t r a n s i t i o n  d a t a  are shown i n  f i g u r e s  l ( c )  and ( a ) ,  a g a i n  
f o r  t h e  same two a x i a l  l o c a t i o n s  of t h e  cones. For t h e s e  h i g h e r  tunnel-noise con- 
d i t i o n s ,  t h e  qu ie t - tunne l  d a t a  are gene ra l ly  c l o s e r  t o  t h e  d a t a  f o r  convent ional  wind 
tunne l s ,  b u t  t hey  range from somewhat above t o  cons ide rab ly  below t h e  convent ional-  
t u n n e l  data.  (The sources  f o r  t h e  conventional-tunnel d a t a  used i n  f i g .  1 are given 
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i n  r e f .  19 and are r e s t r i c t e d  t o  the smaller tunnels  and t o  the  range of Mach number 
Me from 2.5 t o  4.4.) Although the  o v e r a l l  v a r i a t i o n  of R e I T  with R, i s  s i m i l a r  
t o  that f o r  t h e  convent ional- tunnel  da t a ,  t h e r e  appear t o  be regions of s i g n i f i c a n t l y  
lower values  of R e I T  i n  t he  ranges of u n i t  Reynolds number Re from approximately 
5 x lo5 t o  6 x I O 5  p e r  inch i n  f i g u r e  1 ( c )  and from approximately 3 x lo5  t o  
5.5 x lo5  per inch  i n  f i g u r e  1 ( a ) .  
t h e  tunnel-noise  d i s t r i b u t i o n s  which are shown i n  f i g u r e s  2 f c )  and ( d )  f o r  t he  hleed- 
valve-closed condi t ion .  Thus, the  l a rge  " t r a n s i t i o n a l "  peaks i n  noise  l e v e l s  f o r  
R, = 2.5 x I O 5  and 5.3 x IO5 per inch  
rhombus are probably the main cause of these low va lues  of 
These low va lues  of Re are again r e l a t e d  to  
( f i g .  2 ( c ) )  i n  t he  upstream regions of the tes t  
ReIT.  
When Re is increased  above 7.5 x l o5  per inch,  t he  values  of R e I T  and t h e  
t r ends  of Re with Re shown i n  f i g u r e s  l(c) and ( d )  are i n  good agreement with 
convent ional- tunnel  da t a ,  probably because the noise  f i e l d  is  more near ly  uniform i n  
the  upstream regions  of the  t e s t  rhombus. However, s i n c e  these  noise  l e v e l s  are 
s t i l l  q u i t e  low, this agreement i n  t h e  values  and t r ends  of R with conventional-  
t unne l  da t a  does no t  r e s u l t  i n  agreement with t h e  accepted noise  c o r r e l a t i o n s  of 
t r a n s i t i o n  d a t a  i n  convent ional  tunnels .  As w i l l  be seen i n  the  next  s e c t i o n  of t h i s  
r e p o r t ,  agreement with the previous noise  c o r r e l a t i o n s  can be obtained only by 
account ing f o r  the  markedly h igher  frequency peaks i n  the  noise  spectra of the  q u i e t  
tunnels .  With t h i s  review of the  quie t - tunnel  t r a n s i t i o n  and noise  da t a ,  we are now 
ready t o  formulate  some proposed q u a n t i t a t i v e  noise  parameters t h a t  w i l l  be con- 
s ide red  i n  the  fol lowing c o r r e l a t i o n s .  
e , T  
CORRELATIONS e, T NOISE FUNCTIONS AND APPLICATIONS TO R 
General Forms 
Figure 3 i s  presented  t o  show t h a t  t he  qu ie t - tunne l  da t a  do not  c o r r e l a t e  with 
the  o the r  d a t a  i n  the  f i g u r e  i n  terms of t he  r m s  average noise  parameter .  cF/G>. 
Apparently,  special noise- re la ted  parameters w i l l  be requi red  t o  account f o r  the  
e f f e c t s  on t r a n s i t i o n  of t he  unique a x i a l  d i s t r i b u t i o n s  and frequency content  of t h e  
qu ie t - tunne l  noise .  The Reynolds numbers f o r  the onse t  of t r a n s i t i o n  are p l o t t e d  i n  
f i g u r e  3 a g a i n s t  the  "average" noise  i n c i d e n t  upon the  cone from the  t i p  t o  t r a n s i -  
t i o n  onse t  f o r  t he  two sets of qu ie t - tunnel  d a t a  ( r e f .  19 and Schopper's Mach 5 
d a t a ) .  The average no i se  is def ined  as 
Since  noise  d a t a  are no t  a v a i l a b l e  f o r  each t r a n s i t i o n  d a t a  p o i n t  from 
( 2 )  
re ference  19 
shown i n  f i g u r e  1, o r  f o r  a l l  of Schopper 's  Mach 5 da t a ,  average values  of R e I T  f o r  
t h e  upstream and downstream test  loca t ions  have been s e l e c t e d  f o r  the  s e v e r a l  u n i t  
Reynolds numbers f o r  which noise  d a t a  w e r e  obtained with the  bleed valve open and 
closed.  These s e l e c t e d  values  of R and t h e  corresponding test condi t ions  are 
e , T  l i s t e d  i n  t a b l e  I f o r  both quie t - tunnel  i n v e s t i g a t i o n s .  For comparison, the 
t r ans i t i on -onse t  Reynolds numbers from s e v e r a l  convent ional  wind tunnels  (refs. 5, 6, 
38, and 39) and from f l i g h t  ( r e f .  40) are a l s o  p l o t t e d  i n  f i g u r e  3 a g a i n s t  t he  cor re-  
sponding measured noise  which is assumed t o  be uniform along the  e n t i r e  cone f o r  
t h e s e  da ta .  Noise d a t a  from re fe rences  4 and 41 are used with corresponding t r a n s i -  
t i o n  d a t a  from re fe rences  39 and 38 (AEDC Tunnel A ) ,  r e spec t ive ly .  These d a t a  from 
convent ional  tunnels  and from t h i s  r ecen t  f l i g h t  experiment w i l l  be used throughout 
t h i s  r e p o r t  as a r e p r e s e n t a t i v e  set of e s t a b l i s h e d  d a t a  f o r  a re ference  s tandard  t o  
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develop t h e  r equ i r ed  c o r r e l a t i o n  parameters.  To reduce t h e  number of v a r i a b l e s  t h a t  
complicate  c o r r e l a t i o n  e f f o r t s ,  t h e s e  d a t a  have been l i m i t e d  t o  t h e  l o c a l  Mach number 
range from 1.5 t o  5.0 and, except  for  t h e  d a t a  from r e f e r e n c e s  5 and 6, t o  a d i a b a t i c  
w a l l  temperatures .  
m u a t i o n  ( 2 )  was used i n  a f i r s t  a t t empt  t o  account  f o r  t h e  a x i a l  v a r i a t i o n s  i n  
n o i s e  f o r  t h e  qu ie t - tunne l  da t a .  Also, when s/q i s  c o n s t a n t ,  which a p p l i e s  f o r  
convent iona l  wind-tunnel d a t a  and f l i g h t  d a t a ,  t h a t  c o n s t a n t  va lue  i s  recovered. For 
a l l  hot-wire  d a t a ,  g/q  i s  def ined  as 
When t h e  no i se  d a t a  a r e  obta ined  from p r e s s u r e  t r ansduce r s  f l u s h  wi th  t h e  model 
s u r f a c e ,  then  p/Cj i s  def ined  as 
’e 
N 
P =  - y 2 -  
q Z Me Pe 
These equ iva len t  forms a r e  based on comparisons of both types  of d a t a  from s e v e r a l  
d i f f e r e n t  wind tunne l s  i n  t h e  review paper  by Laderman ( r e f .  4 2 ) ,  where it w a s  shown 
t h a t  va lues  of 
ge/pe from p res su re  t r ansduce r s  on cones underneath t h e  1amina.r boundary l a y e r  when 
t h e  tunne l  flow cond i t ions  a r e  t h e  same. Me, 
r a t h e r  than  t h e  free-s t ream Mach number M,, i n  t h e  dynamic-pressure parameters  as 
de f ined  previous ly  is  based on t h e  good c o r r e l a t i o n  r e s u l t s  of Harvey ( r e f .  4 3 ) ,  
where a s i m i l a r  d e f i n i t i o n  of q w a s  used. For t h e  f l i g h t  d a t a  of F isher  and 
Dougherty ( r e f .  40 ) ,  t h e  normalized r m s  no i se  parameter i s  de f ined  h e r e i n  a s  
pm/j5, from hot-wire d a t a  are approximately t h e  same as va lues  of 
Use of t h e  l o c a l  cone Mach number 
This  d e f i n i t i o n  i s  based on comparisons of hot-wire and p i t o t - p r e s s u r e  measurements 
i n  r e fe rences  19, 34, and 35, where i t  was shown t h a t  Pt/j5., i s  approximately equa l  
t o  pm/Fm when t h e  peak energy i n  t h e  p r e s s u r e - f l u c t u a t i o n  s p e c t r a  i s  below 30 t o  
40 kHz. This l i m i t a t i o n  obviously depends on t h e  probe s i z e ,  t h e  t r ansduce r  reso-  
nance p r o p e r t i e s ,  and o t h e r  t e s t  cond i t ions ;  however, t h e  f l i g h t  d a t a  of r e fe rence  40 
e a s i l y  q u a l i f y  i n  a l l  r e s p e c t s  s i n c e  t h e  measured peak energy was below 2 kHz. 
Figure 3 shows t h a t  t h e  f l i g h t  d a t a  from re fe rence  40 and t h e  d a t a  from conven- 
t i o n a l  wind tunnels  a r e  c o r r e l a t e d  f a i r l y  w e l l  wi th  t h i s  no i se  parameter  w i t h i n  a 
“scatter” band of about  f20  pe rcen t .  The same type of c o r r e l a t i o n  with t h e  same 
scatter was obta ined  previous ly  by Dougherty and F i she r  ( r e f s .  23 and 24) f o r  t h e  
AEDC t r a n s i t i o n  cone used f o r  t h e  f l i g h t  t e s t s  and i n  2 3  wind tunne l s  over  t h e  Mach 
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number range from 0.25 t o  4.60. D a t a  from three a d d i t i o n a l  wind tunnels  ( r e f s .  5, 6, 
and 39) no t  used i n  that  prev ious  c o r r e l a t i o n  are included i n  f i g u r e  3; however, t h e  
range of Mach number Me is  r e s t r i c t e d  here  from approximately 1.5 t o  5.0. Since 
t h e  quie t - tunnel  da t a  p o i n t s  show no " se l f - co r re l a t ion"  of t h e i r  own and do no t  
c o r r e l a t e  with t h e  o the r  convent ional  wind-tunnel d a t a  o r  f l i g h t  da t a ,  it is  now 
c l e a r l y  ev iden t  that a simple average of t he  i n c i d e n t  rms noise  is not  a c o r r e l a t i n g  
parameter f o r  t he  qu ie t - tunne l  da t a .  Most qu ie t - tunne l  d a t a  from reference  19 are 
n o t  wi th in  the  c o r r e l a t i o n  scatter band of the o the r  da t a ,  except  f o r  a few po in t s  a t  
t h e  h i g h e s t  values  of Re with the  bleed valve open. These few da ta  po in t s  are i n  
e x c e l l e n t  agreement wi th  ?=he f l i g h t  da ta .  
A modified no i se -co r re l a t ion  parameter of the fol lowing genera l  form is now 
proposed: 
where the d e f i n i t i o n s  f o r  b/< from equat ions  ( 3 )  t o  ( 5 )  w i l l  be r e t a ined  and used 
as requi red  by the  type of no ise  d a t a  a v a i l a b l e  f o r  each se t  of t r a n s i t i o n  da ta .  The 
func t ion  P(s) is intended t o  i n d i c a t e  whether t he  cone boundary-layer response t o  
t h e  a x i a l  v a r i a t i o n s  of the rms tunnel  no ise  i s  dependent on the  d i s t ance  from the 
cone t i p .  Of course,  i n  t he  absence of "microscopic" da t a  wi th in  the  cone boundary 
l a y e r ,  the only way t o  a r r i v e  a t  a judgment concerning the  v a l i d i t y  of t h i s  type of 
" r e c e p t i v i t y "  func t ion  i s ,  f i r s t ,  t o  f i n d  out ,  e s s e n t i a l l y  by t r i a l  and e r r o r ,  i f  a 
chosen func t ion  improves the s e l f - c o r r e l a t i o n  of the quie t - tunnel  t r a n s i t i o n  da ta  and 
then,  second, see i f  the degree of c o r r e l a t i o n  with the  o the r  d a t a  is a l s o  improved. 
The o the r  func t ion  ( Q ( f , s ) )  i n  equat ion ( 6 )  w i l l  be used i n  much the  same way as 
t h e  P func t ion  but  f o r  t he  purpose of c h a r a c t e r k i n g  the  e f f e c t s  on the  c o r r e l a t i o n  
of s e l e c t e d  p r o p e r t i e s  of t h e  noise  spectra, such as frequency o r  wave number. These 
p r o p e r t i e s  of the  no i se  spectra are a l ready  known ( r e f .  19) t o  be much d i f f e r e n t  from 
those  i n  convent ional  wind tunnels .  The parameter A is simply a cons tan t  that  w i l l  
be used to  normalize the  i n t e g r a l s  of P and Q so t h a t  when G/< is  cons tan t ,  t h e  
d e s i r e d  r e l a t i o n  N Z E/< w i l l  be recovered. This  normalizing f e a t u r e  w i l l  f a c i l i -  
t a t e  comparisons with the c o r r e l a t i o n  f o r  convent ional  tunnels  and the  f l i g h t  d a t a  
( r e f .  40) as presented  i n  f i g u r e  3. 
The s e l e c t i o n  of these func t ions  can b e n e f i t  from the Mack-Kendall r e s u l t s  
prev ious ly  mentioned. Thus, t he  conbined fo rc ing  and s t a b i l i t y  t h e o r i e s  ( r e f s .  30 
and 31) sugges t ,  f i r s t  of a l l ,  t h a t  equat ion ( 6 )  should be divided i n t o  two t e r m s  t o  
provide f o r  d i f f e r i n g  s e n s i t i v i t i e s  of the  cone boundary l aye r  t o  the  i n c i d e n t  no ise  
a t  loca t ions  upstream and downstream of the n e u t r a l  s t a b i l i t y  point .  Equation ( 6 )  is 
then w r i t t e n  as 
where P = 1 has  been used from the cone apex t o  t h e  n e u t r a l  s t a b i l i t y  p o i n t  t o  
account c rude ly  f o r  t h e  forced  ampl i f i ca t ion  i n  the  boundary l aye r  of t he  i n c i d e n t  
no i se  i n  t h i s  region. (See r e f s .  30 and 31 . I  
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Se l f  -Cor re l a t ion  of Mach 3.5 pl ie t -Tunnel  D a t a  
The nex t  s t e p  i n  d e r i v i n g  t h e  c o r r e l a t i o n  f u n c t i o n s  i s  t o  t r y  some l i k e l y  
f u n c t i o n s  f o r  P i n  t h e  second t e r m  of equa t ion  (71, whi le  u s i n g  Q = 1 and 
A = 1 t o  see i f  any degree of s e l f - c o r r e l a t i o n  can  be ob ta ined  f o r  t h e  qu ie t - tunne l  
data .  Besides t h e  u s e  of A'P = 1, as a p p l i e d  i n  equa t ion  ( 2 )  and f i g u r e  3, t h r e e  
o t h e r  a r b i t r a r y  f u n c t i o n s  have been used as fol lows:  
s - s  
s - s  
T 
T N  
A'P = 2 
and 
The approximate form of equa t ion  (10)  r e s u l t s  because B 10 i n  t h i s  i n v e s t i g a -  
t i o n .  The effects  of u s i n g  t h e  f u n c t i o n s  i n  equa t ions  (81, ( 9 ) ,  and (10) on t h e  
s e l f - c o r r e l a t i o n  of t h e  Mach 3.5 q u i e t - t u n n e l  d a t a  from r e f e r e n c e  19 are shown i n  
f i g u r e s  4 ( a ) ,  ( b ) ,  and ( c ) ,  r e s p e c t i v e l y .  The va lues  of sN used as l i m i t s  f o r  
t h e  i n t e g r a l s  of equat ion ( 7 )  are l i s t e d  i n  t a b l e  I ( a ) .  These values ,  which w e r e  
e s t ima ted  from l i n e a r - s t a b i l i t y  c a l c u l a t i o n s  made by Malik wi th  h i s  computer code 
of r e fe rence  44, w e r e  a p p l i e d  t o  t h e  p r e s e n t  c o n d i t i o n s  for  t h e  most-amplified f r e -  
quencies  over  t h e  range of t y p i c a l  values  of 
used h e r e  because values  of 
tests. The values  of g/q and f m  used f o r  t h e  t r a n s i t i o n  d a t a  from re fe rence  19 
are  given i n  t a b l e  I1 as f u n c t i o n s  of X. The corresponding s e l e c t e d  average va lues  
of R are l i s t e d  i n  t a b l e  I. The n o i s e  w a s  measured a long  t h e  nozzle  c e n t e r l i n e  
a t  t h e  i n d i c a t e d  X s t a t i o n s  ( table  11). To determine t h e  l o c a t i o n  of t h a t  n o i s e  
i n c i d e n t  upon t h e  cone s u r f a c e ,  w e  have assumed t h a t  t h e s e  c e n t e r l i n e  values  are 
p r o j e c t e d  i n  t h e  upstream d i r e c t i o n  a l o n g  a Mach l i n e  i n  accordance wi th  t h e  p h y s i c a l  
requirement and experimental  obse rva t ions  ( ref .  1 9 )  t h a t  n o i s e  i s  propagated a l o n g  
Mach l i n e s  i n  supe r son ic  flow. "be r e l a t i o n  between t h e  X l o c a t i o n  of t h e  measured 
c e n t e r l i n e  no i se  l e v e l s  and spectra ( t a b l e  I1 and f i g .  2 )  and t h e  corresponding 
l o c a t i o n  on t h e  cone s u r f a c e  where t h a t  n o i s e  i n t e r a c t s  l o c a l l y  wi th  t h e  cone 
boundary l a y e r  is  then  given by 
Re T. Schopper 's  Mach 5 d a t a  w e r e  n o t  
sN w e r e  n o t  a v a i l a b l e  f o r  t h e  cond i t ions  i n  t h o s e  
e , T  
X' 
s =  s i n  8 
t a n  p c o s  e + -
1 2  
(1 1 )  
r 
as i l l u s t r a t e d  i n  t h e  fo l lowing  sketch: 
r Nozzle contour  
F igu res  4 ( a )  and (b)  s h m  how t h e  c o s i n e  and l i n e a r  f u n c t i o n s  de f ined  by equa- 
t i o n s  (8) and ( 9 ) ,  r e s p e c t i v e l y ,  improve t h e  s e l f  - c o r r e l a t i o n  of t h e  qu ie t - tunne l  
d a t a  compared wi th  t h e  unmodified average n o i s e  parameter of equa t ion  ( 2 )  as shown i n  
f i g u r e  3. The s t a n d a r d  d e v i a t i o n  a, from t h e  l ea s t - squa res  s t r a i g h t - l i n e  f i t  shown 
i n  a l l  t h e  c o r r e l a t i o n  f i g u r e s ,  may be used as a comparative index of t h e  "qua l i ty"  
of t h e  c o r r e l a t i o n s .  Thus, t h e  l i n e a r  f u n c t i o n  appears  t o  be s l i g h t l y  b e t t e r  t han  
t h e  cos ine  funct ion.  I f  t h i s  t r e n d  of improved c o r r e l a t i o n s  wi th  dec reas ing  va lues  
con t inues ,  t hen  w e  would have expected t h e  of P i n  t h e  r eg ion  from sN t o  
exponen t i a l  f u n c t i o n  (eq. ( 1 0 ) )  t o  g ive  b e t t e r  r e s u l t s  t han  t h e  cos ine  and l i n e a r  
f u n c t i o n s  wi th  moderate va lues  of B around 3 o r  4. However, t h e  l a r g e  value 
of B = 1 2  w a s  r equ i r ed  t o  minimize CJ t o  t h e  va lue  of 8.1 x l o 5 ,  as shown i n  
f i g u r e  4 ( c ) .  
ST 
To provide the  r eade r  with a v i s u a l  impression of how much the various P func- 
t i o n s  modify the  l o c a l  no i se  parameter p/q (which a l s o  v a r i e s  with s, b u t  only f o r  




1 3  
Thus, when B = 12,  t h e  e f f e c t  of t h e  local  n o i s e  on t h e  s e l f - c o r r e l a t i o n  and, by 
impl i ca t ion ,  on t h e  l o c a t i o n  of t r a n s i t i o n  i s  n e a r l y  z e r o  a b o u t  halfway between 
sN and sT. The t o t a l  e f f e c t  on t h e  n o i s e  i n  t h e  r eg ion  upstream of sN depends 
n o t  only on t h e  l o c a l  n o i s e  l e v e l s  t he re ,  which from f i g u r e  2 may be very small ,  b u t  
a l s o  on t h e  r a t i o  of sN/sT, which v a r i e d  from abou t  0.08 t o  0.32 f o r  t h e  s e l e c t e d  
d a t a  used here.  (See t a b l e  I.) 
The f l i g h t  d a t a  and conventional-tunnel d a t a  (which are p l o t t e d  t h e  same as i n  
f i g u r e  3 because N = <p/q> when F/G is c o n s t a n t )  are a l s o  shown i n  f i g u r e  4 f o r  
comparison. I n  f i g u r e  4 ( c ) ,  the s e l f - c o r r e l a t i o n  of t h e  qu ie t - tunne l  d a t a  is 
obviously much b e t t e r  than t h a t  obtained w i t h  t he  o t h e r  p func t ions ;  however, most 
o f  t h e  bleed-valve-open d a t a  have been s h i f t e d  by va ry ing  amounts . t o  t h e  l e f t ,  
whereas t h e  bleed-valve-closed d a t a  have g e n e r a l l y  s h i f t e d  by smaller d i s t a n c e s  o r  
n o t  a t  a l l .  Thus, t h e r e  i s  now very poor c o r r e l a t i o n  between t h e  q u i e t - t u n n e l  d a t a  
and a l l  o t h e r  da t a .  This poor c o r r e l a t i o n  i s  a p p a r e n t l y  caused by t h e  e x p o n e n t i a l  
t ype  of P func t ion  used and i t s  normalizing c o n s t a n t ,  which reduces t h e  magnitude 
of N by l a r g e  amounts when most of t h e  n o i s e  i s  i n c i d e n t  on t h e  boundary l a y e r  
downstream of t h e  n e u t r a l  po in t .  However, s i n c e  t h i s  f u n c t i o n  improves t h e  s e l f -  
c o r r e l a t i o n  of t h e  qu ie t - tunne l  d a t a  s i g n i f i c a n t l y ,  w e  conclude t h a t  it does p rov ide  
a reasonably good model of t h e  boundary-layer response t o  t h e  v a r i a b l e  e x t e r n a l  n o i s e  
and shows how t h a t  n o i s e  then  a f f e c t s  t r a n s i t i o n .  
Th i s  r e s u l t  might have been expected from Mack's combined f o r c i n g  and s t a b i l i t y  
theory ( r e f .  30) and t h e  good agreement of t h e  p r e d i c t e d  boundary-layer-disturbance 
amplitudes wi th  Kendal l ' s  d a t a  (ref. 31) .  The assumption w a s  made i n  t h i s  theory 
t h a t  t h e  tunne l  n o i s e  e n t e r e d  t h e  boundary l a y e r  on ly  upstream of t h e  n e u t r a l  
s t a b i l i t y  point .  The d i r e c t  a p p l i c a t i o n  of t h i s  assumption t o  t h e  q u i e t - t u n n e l  d a t a  
would reduce equat ion ( 7 )  t o  t h e  form 
w 
N = A / S N $ Q d s  'N 0 (1 2 )  
W e  t hen  set  Q = 1.0 and A = 1.0, as before ,  t o  cons ide r  only t h e  s e l f - c o r r e l a t i o n  
of t h e s e  data .  The r e s u l t  i s  shown i n  f i g u r e  5 where t h e  same 
table  I are p l o t t e d  a g a i n s t  N, as now de f ined  by equa t ion  (1 2 ) .  'he va lue  of CT i s  
reduced t o  5.3 x lo5 ,  which i s  a s i g n i f i c a n t  improvement ove r  any of t h e  o t h e r  
€unc t ions  used i n  f i g u r e  4. It fo l lows  t h a t  Mack's assumption ( r e f .  30) appears  t o  
be confirmed f o r  t h e  p r e s e n t  da t a .  These r e s u l t s  imply t h a t  on ly  t h e  r m s  l e v e l s  of 
t u n n e l  n o i s e  i n c i d e n t  on t h e  boundary l a y e r  upstream of 
t r a n s i t i o n .  However, t h i s  i m p l i c a t i o n  cannot  be e n t i r e l y  c o r r e c t  f o r  t h e  p r e s e n t  
d a t a  s i n c e ,  as mentioned p rev ious ly  i n  t h e  d i s c u s s i o n  of f i g u r e s  2 (a )  and ( b ) ,  t h e  
values  of R e l T  
w i t h i n  t h e  t u n n e l  n o i s e  f i e l d  a t  t h e  two u n i t  Reynolds numbers of 5.3 X l o5  and 
7.9 x 105 p e r  inch. 
i n c i d e n t  upon t h e  boundary l a y e r  upstream of 
Re va lues  from 
P 
sN have any e f f e c t  on 
w e r e  reduced s i g n i f i c a n t l y  by simply moving t h e  cone downstream 
For t h e s e  two u n i t  Reynolds numbers, t h e  rms l e v e l s  of n o i s e  
sN w e r e  always q u i t e  small. 
From t h e  reasonably good s e l f  - c o r r e l a t i o n  r e s u l t s  ob ta ined  by u s i n g  both t e r m s  
of equa t ion  ( 7 ) ,  as shown i n  f i g u r e  4 ( c ) ,  it may then  be concluded t h a t  t h e  n o i s e  
i n c i d e n t  on t h e  boundary l a y e r  downstream of t h e  n e u t r a l  p o i n t  does have some e f f e c t  
on t h e  l o c a t i o n  of t r a n s i t i o n ,  presumably by i n t e r a c t i n g  w i t h  t h e  u n s t a b l e  T o l l d e n -  
S c h l i c h t i n g  waves. However, from t h e  r e s u l t s  shown i n  f i g u r e  5, it may also be 
concluded t h a t  t h e  no i se  i n c i d e n t  on t h e  boundary l a y e r  upstream of 
a dominant e f f e c t  on t r a n s i t i o n .  Any appa ren t  c o n f l i c t  h e r e  can be r e so lved  only by 
"microscopic" probing of the model boundary l a y e r  similar t o  t h e  work of Kendall 
sN probably has  
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( r e f .  31) .  That i s ,  d e t a i l e d  experimental  s t u d i e s  w i l l  be needed of the response 
( " r e c e p t i v i t y " )  of the  boundary l a y e r ,  i n  t e r m s  of l o c a l  amplitudes and f requencies ,  
t o  the l a rge  a x i a l  v a r i a t i o n s  i n  levels  and spectra of the e x t e r n a l  d i s turbances  i n  
t h i s  tunnel .  These s t u d i e s  would be designed t o  reveal how the  e x t e r n a l  d i s tu rbances  
e x c i t e  o r  modify the i n t e r n a l  Tol lmien-Schl icht ing waves of the boundary l aye r .  
Cor re l a t ion  of Quiet-Tunnel Data W i t h  Other D a t a  
Comparison of f i g u r e  4 ( c )  o r  5 with f i g u r e  3 shows that  none of the quie t - tunnel  
da ta  c o r r e l a t e  w i t h  t he  o the r  d a t a  i n  terms of t he  e f f e c t i v e  noise  parameter N when 
the  func t ion  Q equals  1.  This r e s u l t  implies that  the c r i t i ca l  rms noise  l e v e l s  
which are i n c i d e n t  on the  more-sensi t ive upstream regions of the  cone boundary l a y e r ,  
where the most "damage" is  done toward promoting e a r l y  t r a n s i t i o n ,  are much smaller 
(by about an order  of magnitude) than the  corresponding noise  l e v e l s  i n  convent iona l  
tunnels  o r  i n  f l i g h t .  Therefore ,  some o the r  proper ty  of the quie t - tunnel  no ise ,  that 
i s  no t  p re sen t  i n  convent ional  tunnels ,  must be causing the  poor o v e r a l l  c o r r e l a t i o n  
i n  f i g u r e  4 ( c ) .  
Reshotko poin ted  o u t  ( r e f .  45) t h a t  apparent  d i sc repanc ie s  i n  t r a n s i t i o n  da ta  
obtained i n  d i f f e r e n t  wind tunne l s ,  such as the  e f f e c t  of w a l l  cool ing,  could be 
accounted f o r  by d i f f e r e n c e s  i n  a c h a r a c t e r i s t i c  dimensionless  frequency o r  wave- 
length of the  d i s tu rbance  environment as p red ic t ed  by s t a b i l i t y  theory.  H e  t h e r e f o r e  
caut ioned that  spectral  components of a v a i l a b l e  d is turbances  , which are r e l e v a n t  t o  
i n s t a b i l i t y - a m p l i f i c a t i o n  processes ,  should be c a r e f u l l y  considered i n  the  eva lua t ion  
of experimental  r e s u l t s .  Accordingly, i n  an attempt t o  c h a r a c t e r i z e  one notab le  
d i f f e rence  between the  frequency spectra i n  the  q u i e t  tunnels  and those of conven- 
t i o n a l  tunnels ,  we de f ine  the frequency func t ion  Q i n  equat ion ( 7 )  as 
which is  the r a t i o  of a c h a r a c t e r i s t i c  wave number i n  the q u i e t  tunnels  t o  t h a t  found 
i n  convent ional  tunnels .  For the  p r e s e n t  purposes,  Fm is s e l e c t e d  as the  dimen- 
s i o n l e s s  frequency of the peak energy i n  the noise  spectra. This  value is mul t ip l i ed  
by the  corresponding free-s t ream u n i t  Reynolds number. The product  of FmRm i s  then 
a c h a r a c t e r i s t i c  wave-number parameter r a t h e r  than a frequency parameter. From 
a v a i l a b l e  publ ished spectra f o r  two convent ional  tunnels  and from the  f l i g h t  tests of 
F isher  and Dougherty ( r e f .  40) ,  it w a s  found t h a t  this product  w a s  nea r ly  cons t an t  a t  
the  value of 0.25 per inch. The sources  and va lues  of Fm and R, used t o  a r r i v e  
a t  this value are l i s t e d  i n  t a b l e  111. For the p r e s e n t  c o r r e l a t i o n  attempts, we have 
the re fo re  assigned t h i s  value. t o  a l l  o the r  convent ional  wind tunnels  and t o  o t h e r  
f l i g h t  condi t ions  f o r  t he  d a t a  t o  be used. (These are the s a m e  da t a  a l r eady  pre- 
sented i n  f i g s .  3 and 4.) With t h i s  d e f i n i t i o n ,  t he  frequency parameter Q i s  u n i t y  
f o r  a l l  t hese  d a t a ,  and so the requi red  normalizat ion of tha t  func t ion  is s a t i s f i e d .  
I n  the  q u i e t  t unne l s ,  F m G  is  a func t ion  of X and R, as shown i n  f i g -  
ures 6 ( a )  and (b )  f o r  the bleed valve open and c losed ,  r e spec t ive ly .  The corre-  
sponding f requencies  and the  Fm va lues  are a l s o  given i n  t a b l e  11. A l l  spectral 
d a t a  obtained on the c e n t e r l i n e  of e Mach 3.5 q u i e t  tunnel  have been used here .  
Some of these  d a t a  a t  R, - 5.3 x 10 
r e fe rence  19. with bleed valve open, some spectral 
9 and 7.9 x IO5 per  inch  w e r e  publ ished i n  
For %, - 2.5 x lo5 per inch  
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d a t a  obtained with p i to t -p re s su re  probes a t  small  va lues  of X from reference  18 
w e r e  a l s o  used. Fm f o r  t he  Mach 5 q u i e t  tunnel  w e r e  a v a i l a b l e  
from publ ished spectra ( r e f .  35).  These spectra w e r e  f o r  the bleed valve closed,  and 
the  corresponding FmRm values  are included i n  f i g u r e  6 ( b ) .  Obviously, the  selec- 
t i o n  of d e f i n i t e  peaks from any of these spectra dur ing  the experiments w a s  no t  
always very precise and the  spectral d i s t r i b u t i o n s  w e r e  no t  always repea tab le .  Thus, 
t h e  d a t a  shown i n  f i g u r e  6 should be considered as i n d i c a t i v e  of only approximate 
magnitudes and t rends  as perhaps would be apparent  from the  r a t h e r  l a r g e  scatter of 
t h e  da ta .  
Only th ree  values  of 
~ Most- 
ampl i f ied  
f a ,  kHz 
I n  v i e w  of these l i m i t a t i o n s  on the spectral d a t a  and values  of Q, as w e l l  as 
ques t ions  about t h e  basic concepts involved, it came as a s u r p r i s e  to  ob ta in  t h e  
o v e r a l l  good c o r r e l a t i o n  between the quie t - tunnel  d a t a  and t h e  o the r  d a t a ,  as 
d isp layed  i n  f i g u r e  7. H e r e ,  N i s  computed from both t e r m s  of equat ion ( 7 )  wi th  
A = I ,  A ' P  is  def ined by equat ion  (1  0 )  , and Q is  def ined  by equat ion ( 1  3 ) .  This  
sgood'l c o r r e l a t i o n  (compare u = 7.0 x IO5 from f i g .  7 wi th  B = 6.6 x I O 5  from t h e  
r e fe rence  da ta  i n  f i g .  3)  emphasizes the  importance of no ise  spectra i n  these  qu ie t -  
tunnel  t r a n s i t i o n  da ta .  
Re/in. 
7.47 X I O 5  
5.06 
2.41 
One poss ib l e  reason f o r  t he  good c o r r e l a t i o n  shown i n  f i g u r e  7 is t h a t  the  most- 
ampl i f ied  f requencies ,  which w e r e  computed by Malik f o r  t he  p r e s e n t  condi t ions  wi th  
h i s  l i n e a r - s t a b i l i t y  code ( r e f .  44) ,  gave values  of FaR, that  w e r e  i n  the  range of 
t h e  peak values  used i n  the  c o r r e l a t i o n s .  Malik 's  r e s u l t s  are given i n  the  fol lowing 
t a b l e  : 
e , T  
X' R . TI in .  












By comparing these  values  of FaR, with the maximum experimental  values  of F R 
i n  f i g u r e  6, it is  c l e a r  t h a t  high l e v e l s  of d i s turbance  energy a t  the most-amplified 
f requencies  would be a v a i l a b l e  i n  the  q u i e t  tunnels ,  except  i n  the  upstream regions  
of the  t es t  rhombus f o r  the  bleed valve open a t  the two lowest  values  of R, 
( f i g .  6 ( a ) )  and a t  the  lowest u n i t  Reynolds number f o r  the bleed valve closed 
( f i g .  6 ( b ) ) .  
m w  
Another poss ib l e  reason, o r  "explanat ion,  " f o r  the apparent  d i r e c t  in f luence  of 
dominant stream-disturbance wave numbers on t r a n s i t i o n ,  as implied by the c o r r e l a t i o n  
of f i g u r e  7, may be developed as fol lows:  From a c o r r e l a t i o n  of experimental  da t a  
f o r  t he  Reynolds number based on length  of the  t r a n s i t i o n  zone with the  onse t  t r a n s i -  
t i o n  Reynolds number, Dhawan and Narasimha ( r e f .  46) der ived  a r e l a t i o n  between 
t r a n s i t i o n  Reynolds number and the  average product ion rate of t u r b u l e n t  spots .  From 
an o p t i c a l  s tudy of t u rbu len t  spo t s  a t  a Mach number of 1.96, Spangenberg and Rowland 
( r e f .  47) showed t h a t  t he  Reynolds number a t  the  p o i n t  of o r i g i n  of t he  spo t s  va r i ed  
wi th  their product ion rate i n  such a way as t o  sugges t  t h a t  t h e  s p o t s  may have devel-  
oped from Tollmien-Schlichting (TS) waves. More r ecen t ly ,  Chen and Thyson ( r e f .  48) 
u t i l i z e d  t r a n s i t i o n  da ta  f o r  Mach numbers up t o  5 i n  the  d e r i v a t i o n  of a r e l a t i o n  
similar t o  t h a t  of re ference  46 between the  turbulent-spot-formation rate and t r a n s i -  
t i o n  Reynolds number. They next  assumed that  the  spot-formation rate (per  u n i t  t i m e  
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and u n i t  spanwise d i s t a n c e )  w a s  p ropor t iona l  to  t h e  r a t i o  of the inpu t  d i s turbance  
frequency and t h e  spanwise wavelength of three-dimensional s t r u c t u r e s  which have been 
observed t o  evolve from TS waves. They computed t h i s  spanwise wavelength from the 
experimental  s t r e a m w i s e  l ength  of the  t r a n s i t i o n  zone and the  spot-growth p r o p e r t i e s .  
Thei r  p red ic t ed  t r ends  of i n p u t  d i s turbance  frequency with t r a n s i t i o n  Reynolds number 
then agreed with t r ends  from s t a b i l i t y  theory.  It may be t e n t a t i v e l y  concluded t h a t  
t r a n s i t i o n  onse t  i s  r e l a t e d  t o  t h e  turbulent-spot-f  ormation rate which is determined 
by the  most-amplified TS frequency and the  spanwise p e r i o d i c i t y  of the  three-  
dimensional d i s t o r t i o n  of TS waves. The p resen t  c o r r e l a t i o n  r e s u l t s  with Q 
included,  as def ined  by equat ion  ( 1  3 ) ,  may a l s o  i n d i c a t e  t h a t  mechanisms of t h i s  type  
are involved i n  the t r a n s i t i o n  process. Obviously, d e t a i l e d  experimental  d a t a  are 
requi red  t o  establish these  p o s s i b i l i t i e s .  
I t  is appropr i a t e  t o  conclude t h i s  s e c t i o n  with one a d d i t i o n a l  comment on the  
use of equat ion ( 7 )  i n  regard t o  the  two t e r m s  which al low d i s t i n c t l y  d i f f e r e n t  
t rea tment  of the reg ions  upstream and downstream of the n e u t r a l  s t a b i l i t y  poin t .  
F igure  5 showed the  r e s u l t  of us ing  only the  upstream term of equat ion ( 7 )  t o  test  
the  s e l f - c o r r e l a t i o n  c a p a b i l i t y  of that  t e r m .  A s  a sequel  t o  that  r e s u l t ,  we r e t u r n  
t o  equat ion  ( 1 2 1 ,  which i s  a more-general form of t h a t  upstream t e r m ,  and i n s e r t  
t h e  Q func t ion  as given by equat ion  (13) .  The r e s u l t  of t h i s  exe rc i se  ( t h e  f i g -  
u re  w i l l  no t  be included h e r e )  w a s  an o v e r a l l  c o r r e l a t i o n  with (com- 
pared with Q = 7.0 x io5  f o r  f i g .  7 )  and with some of t he  quie t - tunnel  da t a  po in t s  
r a t h e r  f a r  removed from the  c o r r e l a t i o n  l i n e .  This  sugges ts  t h a t  the  high-frequency 
noise  components may be more e f f e c t i v e  downstream of the  n e u t r a l  po in t  than upstream 
of t h a t  p o i n t  i n  t e r m s  of changing the  t r a n s i t i o n  loca t ion .  
u = 8.8 x l o 5  
S e l f - c o r r e l a t i o n  of a l l  qu ie t - tunnel  data.- A s  mentioned previous ly ,  va lues  
of s w e r e  no t  a v a i l a b l e  f o r  the  Mach 5 quie t - tunnel  da ta .  However, s ince  a few N 
s p e c t r a  w e r e  a v a i l a b l e ,  it is  of i n t e r e s t  t o  see i f  t he  Q func t ion  of equat ion (13)  
w i l l  a l s o  improve the  o v e r a l l  c o r r e l a t i o n  of the  Mach 5 d a t a  as compared with t h a t  
of f i g u r e  3. Therefore ,  w e  r e t u r n  t o  equat ion ( 6 )  and f i r s t  consider  t he  s e l f -  
c o r r e l a t i o n  of a l l  t he  quie t - tunnel  d a t a  with Q = 1 ,  A = 1 ,  and the  exponent ia l  
form of equat ion (10)  f o r  t he  func t ion  P. The minimum value f o r  u = 6.7 x I O 5  w a s  
obtained with B = 14 ,  and the  r e s u l t s  are shown i n  f i g u r e  8 ( a ) .  W e  conclude t h a t  
the  exponent ia l  P func t ion  works q u i t e  w e l l  f o r  both sets of qu ie t - tunnel  da t a .  
~~~~ 
Figure 8 ( b )  shows the leas t - squares  s t r a i g h t - l i n e  f i t  t o  the Mach 3.5 d a t a  only 
f o r  which = 5.8 x lo5 with  B = 13. This  value of u should be compared wi th  
t h e  lowest value of u = 5.3 x 10 , as obtained p rev ious ly  f o r  the Mach 3.5 d a t a  
us ing  equat ion ( 1 2 )  (wi th  Q = 1 and A = 1 )  as p l o t t e d  i n  f i g u r e  5. From this 
comparison, it is apparent  t h a t  the  exponent ia l  form of P used f o r  t he  i n t e g r a t i o n  
from the  cone apex t o  sT is nea r ly  as e f f e c t i v e  as the use of P = 1 appl ied  from 
t h e  apex t o  sN only. This  r e s u l t  shows aga in  that the noise  inc iden t  on the cone 
boundary l a y e r  downstream of the n e u t r a l  s t a b i l i t y  p o i n t  does a f f e c t  t r a n s i t i o n .  
Furthermore, t he  noise  appears  t o  have an exponen t i a l ly  decreas ing  e f f e c t  on t r a n s i -  
t i o n  as tha t  p o i n t  is approached. 
5 
Appl ica t ion  of Q func t ion  t o  a l l  q u i e t  data.- W e  nex t  i n s e r t  i n t o  equat ion ( 6 )  
t h e  Q func t ion ,  as def ined  i n  equat ion  ( 1 3 ) ,  and use the  exponent ia l  P func t ion  
t o  test  the c o r r e l a t i o n  of both sets of qu ie t - tunnel  d a t a  with a l l  o the r  da ta .  The 
r e s u l t  is shown i n  f i g u r e  8 (c )  where t h e  minimum 
obtained wi th  the double-term form given by equat ion  ( 7 )  and p l o t t e d  i n  f i g u r e  7. 
(T of 7.4 x l o 5  w a s  obtained with 
B = 10. Again, this minimum u is almost as low as the value of Q = 7.0 x 10 5 
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From these  r e s u l t s ,  we may conclude t h a t  f o r  p r a c t i c a l  purposes,  t he  s ingle- term form 
f o r  N given by equat ion ( 6 )  is about as e f f e c t i v e  as the  double-term form of 
equa t ion  (7). 
CORRELATIONS FOR THE TRANSITION-REGION LENGTH 
A l l  D a t a  
Dhawan and Narasimha ( r e f .  46) showed t h a t  the Reynolds number based on t h e  
l eng th  of t h e  t r a n s i t i o n  region R i nc reased  with i n c r e a s i n g  t r a n s i t i o n  Reynolds 
number a t  about t h e  same rate f o r  widely d i f f e r e n t  cond i t ions  i n  subsonic and super- 
s o n i c  wind tunne l s .  From a c o r r e l a t i o n  equat ion f o r  t hese  d a t a ,  they c a l c u l a t e d  t h e  
average rate of formation of t u r b u l e n t  s p o t s  which va r i ed  i n v e r s e l y  with t r a n s i t i o n  
Reynolds number t o  about t he  1.6 power. I f  t he  rate of t u rbu len t - spo t  formation 
depends on t h e  wind-tunnel d i s tu rbance  l e v e l s  and spectra, some c o r r e l a t i o n  between 
RA s 
As 
and the tunne l  d i s tu rbances  might be expected. 
Harvey and Bobbit t  ( r e f .  26) p l o t t e d  the  ra t io  R,,T/R,,TE from t h e  AEDC 
cone d a t a  ( r e f s .  39 and 41) a g a i n s t  the r m s  no i se  parameter fim/&,. Since 
-1 
R 
a c o r r e l a t i o n  between t h i s  t r a n s i t i o n  r a t i o  and t h e  same no i se  parameter would a l s o  
be expected. However, t he  Mach number range f o r  t hese  d a t a  used i n  r e fe rence  26 w a s  
from about  0.2 to  3.5, which may have accounted f o r  t h e  r e l a t i v e l y  poor c o r r e l a t i o n  
shown t h e r e  because the noise-generat ing mechanisms and noise-frequency con ten t  i n  
subsonic  and t r a n s o n i c  tunne l s  are e n t i r e l y  d i f f e r e n t  from those i n  supersonic  
tunne l s  ( r e f .  491. Thus, f o r  t he  p r e s e n t  purposes,  we have r e s t r i c t e d  the range of 
Mach number Me from 1.5 t o  5. The r a t i o  sT/sTE (which, f o r  sha rp  cones i n  
supe r son ic  flow, is equal  t o  Re T/Re,TE is p l o t t e d  a g a i n s t  N i n  f i g u r e  9, where 
N is  def ined by equat ion ( 6 ) .  $?he rmnimum value of 0 is 0.078 f o r  which a value 
of B = 13 w a s  r equ i r ed  as compared with B = 10 i n  f i g u r e  8 ( c ) .  T h i s  r e s u l t  
about as w e l l ,  sugges t s  t h a t  the r a t i o  sT/sTE should c o r r e l a t e  d i r e c t l y  with 
s i n c e  the same noise  func t ion  a l s o  c o r r e l a t e d  Re ,T  with N. Accordingly, a l l  d a t a  
are  p l o t t e d  a g a i n s t  R e I T  i n  f i g u r e  10. Here, u i s  equa l  t o  0.070, which appears 
s l i g h t l y  better than the  c o r r e l a t i o n  of sT/sTE a g a i n s t  N i n  f i g u r e  9. However, 
t h e  values  of u f o r  f i g u r e s  9 and 10 may no t  be d i r e c t l y  comparable because of t he  
l a r g e r  number of d a t a  p o i n t s  used i n  f i g u r e  10. Nevertheless ,  from these  r e s u l t s ,  it 
may be concluded t h a t  the r a t i o  f o r  sha rp  cones i n  supersonic  flow co r re -  
l a tes  d i r e c t l y  with R 
equa t ion  ( 6 ) .  The phys ica l  imp l i ca t ion  of t h i s  conclusion is  simply t h a t  t he  same 
no i se  parameters t h a t  c o r r e l a t e  R 
l e n g t h  of t he  t r a n s i t i o n  region. 
R e , T  
sT/sTE 
about as w e l l  as with the  no i se  parameter N def ined  by 
a l s o  provide a reasonable  c o r r e l a t i o n  of the  
e t T  
e , T  
Mach 5 Quiet-Tunnel D a t a  
As mentioned previously,  most of t he  t r a n s i t i o n  d a t a  from the  Mach 5 q u i e t  
t unne l  r epor t ed  by Schopper w e r e  f o r  t he  end of t r a n s i t i o n .  This  occurred no t  only 
because of t he  lack of onse t  d a t a  bu t  a l s o  because the  r e l i a b i l i t y  of the  o n s e t  d a t a  
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w a s  poor as a r e s u l t  of heat-conduction problems r e l a t e d  t o  the test  procedures and 
condi t ions .  Also,  t he re  w a s  a heat-s ink region between the upstream and downstream 
thermocouple l o c a t i o n s  which sometimes i n t e r f e r e d  with the r e l i a b l e  loca t ion  of 
t r a n s i t i o n .  
An assessment of t he  Mach 5 noise  d a t a  ind ica t ed  t h a t  i n  the  range of t e s t  
condi t ions  where t r a n s i t i o n  w a s  on the  8-in-long model (Re > 6 x 10 per  i n c h ) ,  t h e  
a x i a l  d i s t r i b u t i o n s  and spectral c h a r a c t e r i s t i c s  of t he  noise  w e r e  s imi la r  t o  those 
i n  the  Mach 3.5 q u i e t  tunnel  with the  bleed valve closed.  Accordingly, the  da t a  of 
Schopper f o r  t he  end of t r a n s i t i o n  w e r e  co r rec t ed  t o  the  onse t  by using the dashed 
and s o l i d  l i n e s  shown i n  f i g u r e  11. These l i n e s  are the  least-squares f i t s  t o  t h e  
Mach 3.5 d a t a  f o r  the bleed valve c losed  with the cone i n  the two t e s t  pos i t i ons .  
The dashed l i n e  is f o r  t h e  forward p o s i t i o n  of the  cone, which w a s  appl ied  t o  t h e  
Mach 5 d a t a  with Xti 
which w a s  appl ied  t o  %e Mach 5 d a t a  with Xti%= 7.6 i n .  
of the o r i g i n a l  recovery-temperature da t a  f o r  e Mach 5 tests w e r e  obtained.  Values 
of 
re ference  19 are a l s o  p l o t t e d  i n  f i g u r e  11 , which i n d i c a t e s  t h a t  reasonable  agreement 
with the  Mach 3.5 d a t a  w a s  obtained.  On account of the  s i m i l a r  no ise  condi t ions  i n  
the  two q u i e t  tunnels ,  t h i s  agreement j u s t i f i e s  t he  c o r r e c t i o n  procedure j u s t  
descr ibed.  
5 
= 5.7 in . ,  and the  s o l i d  l i n e  is f o r  the downstream l o c a t i o n ,  
Later on, s e v e r a l  p l o t s  
sT/sTE from these  p l o t s  by the  s t r a i g h t - l i n e - f a i r i n g  technique descr ibed  i n  
CONCLUDING REMARKS 
Trans i t i on  d a t a  on sha rp - t ip  cones obtained previous ly  i n  two low-disturbance 
wind tunnels  a t  Mach numbers of 3.5 and 5 w e r e  a f f e c t e d  s i g n i f i c a n t l y  by l a rge  
v a r i a t i o n s  of stream noise  l e v e l s  and spec t r a .  The noise  condi t ions  w e r e  var ied  with 
on o r  off c o n t r o l  of boundary-layer bleed upstream of the nozzle t h r o a t s  and by 
varying the  test  u n i t  Reynolds number. By appropr i a t e  manipulation of these  t e s t  
v a r i a b l e s ,  t he  nozzle-wall  boundary l a y e r s  could be e i t h e r  maintained p a r t i a l l y  
laminar o r  caused t o  be f u l l y  t u r b u l e n t  over the  same range of u n i t  Reynolds number. 
The corresponding stream noise  l e v e l s  w e r e  then e i t h e r  extremely low, with no energy 
a t  high f requencies ,  o r  w e r e  much h igher ,  approaching the  l e v e l s  i n  convent iona l  
tunnels ,  but  with energy a t  much h igher  f requencies  than i n  convent ional  tunnels .  
The q u a n t i t a t i v e  e f f e c t s  of t hese  var iab le-noise  condi t ions  on the  t r a n s i t i o n  
Reynolds numbers i n  the  q u i e t  tunnels  are demonstrated i n  this r e p o r t  by c o r r e l a t i o n s  
with previous d a t a  i n  s e v e r a l  convent ional  wind tunnels  and i n  f l i g h t  where the  l o c a l  
Mach number range w a s  r e s t r i c t e d  t o  values  between 1.5 and 5. Cor re l a t ion  parameters 
w e r e  developed f o r  t h i s  purpose t h a t  u t i l i z e  func t ions  of t he  d i s t a n c e  from the  cone 
apex and of a wave number which c h a r a c t e r i z e s  the h igher  frequency energy found i n  
the  quie t - tunnel  no ise  spectra. These func t ions  were normalized so t h a t  when t h e  
e x t e r n a l  no ise  w a s  s p a t i a l l y  uniform and contained only low-frequency components, as 
measured i n  convent ional  wind . tunnels  and i n  f l i g h t ,  the  root-mean-square noise  
parameters used i n  previous c o r r e l a t i o n s  of t hese  d a t a  w e r e  recovered. However , when 
the  func t ions  w e r e  app l i ed  t o  the  qu ie t - tunne l  d a t a  f o r  which l a r g e  a x i a l  v a r i a t i o n s  
i n  noise  l e v e l s  and spectra occurred,  they modified the  local noise  and appeared t o  
account i n d i r e c t l y  f o r  v a r i a t i o n s  i n  local r e c e p t i v i t y  of t he  cone boundary l a y e r  i n  
response t o  the quie t - tunnel  var iab le-noise  condi t ions .  
The f i n a l  c o r r e l a t i o n  r e s u l t s  then showed t h a t  t r a n s i t i o n  i n  these  q u i e t  t unne l s  
w a s  dominated by the l o c a l  stream noise  i n c i d e n t  on the cone boundary l a y e r  upstream 
of the  n e u t r a l  s t a b i l i t y  po in t .  The noise  i n c i d e n t  on the  boundary l a y e r  downstream 
of the n e u t r a l  s t a b i l i t y  p o i n t  apparent ly  had an exponent ia l ly  decreas ing  e f f e c t  on 
19 
t r a n s i t i o n  as the  d i s t a n c e  from the n e u t r a l  p o i n t  i nc reased .  The c o r r e l a t i o n  r e s u l t s  
also suggested t h a t  f requencies ,  or wave numbers, i n  t he  region of peak s p e c t r a l  
ene rg ie s  may be involved d i r e c t l y  i n  t h e  t r a n s i t i o n  process .  
The e x t e n t  of the t r a n s i t i o n  region,  expressed as the  r a t i o  of the flow d i s t a n c e  
t o  t r a n s i t i o n  o n s e t  t o  the  flow d i s t a n c e  to  t r a n s i t i o n  end, correlates with essen- 
t i a l l y  the  same noise  parameters used f o r  t he  t r a n s i t i o n - o n s e t  Reynolds numbers. 
This  r a t i o  t h e r e f o r e  c o r r e l a t e s  d i r e c t l y  with the  t r a n s i t i o n - o n s e t  Reynolds number 
f o r  a l l  t he  d a t a  used he re in .  
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4.4 x l o 6  5.1 x l o 6  3.9 x l o 6  0.77 
5.7 4.7 .82 
4.9 3.7 .75 
5.6 4.5 .81 
TABLE I.- SELECTED TRANSITION DATA FROM l W 0  QUIET-TUNNEL INVESTIGATIONS 
( a )  M, = 3.5; d a t a  t a k e n  from r e f e r e n c e  19  
- 
R&n. 
Bleed v a l v e  open I Bleed v a l v e  c l o s e d  
J e u t r a l -  
p o i n t  
sN, i n .  







X = 5 i n .  
t i p  
Xtip = 8 in.  Xtip = 5 in. Re/in. 
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(b) M, = 5.0; d a t a  t a k e n  by Schopper  
7.9 x 10' 5.4 x l o 6  6.2 X l o 6  5.3 X l o 6  0.86 
13.1 I 4.1 I 4.7 I 3.4 I -72  I 6.9 x l o 5  11.4 5.7 
7.6 6.1 x l o 5  
9 .4  
7.0 x l o 5  4.5 x l o 6  
10.8 1 3.0 




I 7-6 4.4 x l o 5  7 .O 10.2 8.0 11.7 
25 
TABLE I1 - VARIATION OF ROOT-MEAN-SQUARE NOISE AND FREQUENCY 
AT SPECTRAL PEAK FOR MACH 3.5 QUIET TUNNEL 
(a) Bleed va lve  open 
.~ ~- 
R, = 7.9 x lo5 p e r  i n c h  R, = 5.3 x lo5 p e r  i n c h  
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F, lo5 
a 6  r 
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TABLE 11.- Continued 
(a) Concluded 
R, = 14.8 X l o 5  per i n c h  
















































TABLE 11.- Continued 
(b) Bleed va lve  c l o s e d  
~ . __-___. - 
R, = 2.5 x lo5 p e r  i n c h  


























































































































































































R, = 5.3 x lo5 per i n c h  
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R, = 10.0 X lo5 p e r  i n c h  






















































































TABLE 11.- Concluded 


















R, = 12.6 X l o 5  per inch 
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I %, = 14.8 x l o 5  per inch 
















































































TABLE 111.- DIMENSIONLESS FREQUENCY AT SPECTRAL PEAK OF STREAM 
DISTURBANCES I N  CONVENTIONAL TUNNELS AND FLIGHT 
s o u r c e  
F-15 f l i g h t  
AEDC Tunnel A 
JPL 20-inch 
T 







3 . 3  
Ra/i  n . 
. .-. 


























P i t o t  











TABLE 1V.- SOURCE OF DATA AND CONDITIONS FOR CORRELATION FIGURES 




1.5 t o  1.9 
2.8 
2.8 t o  3.4 
5 
5 
1.6 to 2.4 
2.8 t o  3.9 
1.8 t o  4.4 
1.5 t o  1.8 


























5 5.3 t o  14.8 X 10 
2.5 to 14.8 
6.1 t o  11.4 
'4.4 t o  11.6 
2.0 t o  2.4 
2.1 t o  4.1 
1.7 t o  4.3 
1.7 t o  10.0 
5.1 t o  16.2 
1.9 t o  2.9 
1.6 t o  5.4 
3.4 





1.6 t o  2.0 
2.9 
2.9 t o  3.5 
6.0 
6 .O 
1.6 t o  2.5 
2.9 t o  4.1 
1.8 t o  4.5 
1.6 t o  1.8 
Source 
PQ t u n n e l  with 2-D nozzle  a t  LRC (B.V. open) 
PQ t u n n e l  wi th  2-D nozzle a t  LRC (B.V. c losed)  
PQ t u n n e l  with a x i s m m e t r i c  nozzle  a t  LRC (B.V. open) 
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Figure 1.- Varia t ion  of R 
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(c) Bleed va lve  c losed;  cones i n  upstream loca t ion .  
F igure  1 .- Continued. 
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(d)  Bleed valve closed;  cones i n  downstream locat ion.  
Figure 1 .- Concluded. 
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5 5 (a )  R, = 2.5 x 10 and 5.3 x 10 pe r  inch; b leed  valve open. 
Figure 2.- Var ia t ion  along c e n t e r l i n e  of normalized r m s  s t a t i c  pressure  from hot-wire measurements. Upper 
p a r t  of f i g u r e  shows loca t ions  of t r a n s i t i o n  XT 
t h e  same u n i t  Reynolds numbers denoted by t h e  corresponding symbol used f o r  r m s  p ressure  data .  
on cone i n  i t s  two tes t  pos i t i ons  f o r  approximately 















DISTANCE FROM THROAT, X. in. 
CONE APEX AT X = 8 in. M, 2 3.5 ?\ 
(b)  R, 2 7.9 X 10 5 to  15.0 X 10 5 per inch; b leed  valve  open. 
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5 5 (c) R, = 2.5 x 10 and 5.3 x 10 per  inch; b leed  valve closed. 









. 3  
70 
R,/in. 




-- -.--+k+----- FILTER PASS BAND. kHz I 
0.1 TO 150 ---I-- k -+Frkk---1 
. 2  
.1 
0 
DISTANCE FROM THROAT, X, in. 
5 5 ( d )  R, 7.9 x 10 t o  14.7 x 10 per inch;  b l e e d  valve closed. 
Figure 2.- Concluded. 
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Figure 3. -  Variat ion of ReIT with <G/q> defined by equation (2). The s o l i d  l i n e  denotes a least- 
squares  f i t  of conventional wind-tunnel and f l i g h t  data .  The symbols, flow condi t ions,  and sources 
of the da ta  used i n  t h i s  f i gu re  and i n  the remaining c o r r e l a t i o n  f igu res  are given i n  t a b l e  IV.  
t 
L o  = 1.32 x 10  6 
s - s  
(a )  With c o s i n e  func t ion  A'P = 2 cos(: ST - tN). 
Figure 4.- Comparison between s e l f - c o r r e l a t i o n  of Mach 3.5 quie t - tunnel  d a t a  and o t h e r  d a t a  with d i f f e r e n t  
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( c )  With exponen t i a l  f u n c t i o n  A ' P  = 1 2  exp ( -12 :T--s:J* 
Figure 4.- Concluded. 
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Figure 5.-  Self-correlat ion of  Mach 3 . 5  quiet-tunnel data with N = - ’ IN&... 
Data symbols are defined i n  table  Iv. 
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( a )  Bleed valve open. 
Figure 6.- Variat ion of F R with X along nozzle a x i s  i n  two q u i e t  tunnels .  
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(b) Bleed va lve  closed. 
Figure 6.- Concluded. 
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Data symbols are def ined i n  t a b l e  IV. 
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Figure 8.- Continued. 
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S Figure 9.- Correlat ion of - with N where N = 13 J s T  g exp(-l3 e)= ds. For the da ta  symbol @, 0.25 T O  S TE 5 %, = 7.0 x 10 per inch fo r  the PQ tunnel with axisymmetric nozzle (B.V. c losed) .  For a l l  o ther  
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Figure  10.- C o r r e l a t i o n  of - with R e I T .  Flagged symbols i n d i c a t e  d a t a  f o r  cones i n  
downstream l o c a t i o n .  D a t a  symbols are d e f i n e d  i n  t a b l e  IV. 
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Figure 11.- Comparison of d a t a  from t h e  Mach 5 p i l o t  q u i e t  t u n n e l  and c o r r e l a t i o n  l i n e s  f o r  d a t a  from t h e  
Mach 3.5 p i l o t  q u i e t  tunnel.  
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